Personal automobile emissions are a major source of urban air pollution. Many U.S. states control emissions through mandated vehicle inspections and repairs. But there is little empirical evidence directly linking mandated inspections, maintenance, and local air pollution levels. Using individual-level data from 1998-2012 from California's inspection program, we estimate the contemporaneous effect of inspections on local air quality by exploiting day-to-day, within-county variation in the number of vehicles nominally repaired and recertified after failing an initial inspection. Additional re-inspections of pre-1985 model year vehicles reduce local carbon monoxide, nitrogen oxide, and particulate matter levels, while re-inspections of newer vehicles with more modern engine technology have no economically significant effect on air pollution. This suggests emissions inspections become less effective at reducing local air pollution as more high-polluting vehicles from the 1970s and 1980s leave the road. We also estimate the importance of station quality, using a metric devised for California's new STAR certification program. We show re-inspections of older vehicles conducted by low quality inspection stations do not change air pollution, while inspections at high quality stations have a moderate effect on pollution concentrations. We find little effect on ambient ozone levels, regardless of station quality or vehicle age.
1 Introduction technology improves. Further, we examine a recent reform to California's I/M program that incorporates measures of inspection station quality. We find increasing station quality may help further reduce some pollutants, but again only through inspections and repairs of faulty older cars that are becoming scarce on the road.
To identify the effectiveness of the California inspection program, we leverage the fact that although the implementation of the overall inspection program is endogenous to air pollution, the timing of individual vehicle repairs-the mechanism through which inspections should affect pollution-is essentially random and exogenous. We use counts of final re-inspections following a failed inspection to capture the intensity of I/M-related vehicle repairs. Controlling for local weather effects and a battery of time and region fixed effects, we find repairing cars that failed initial inspections reduces local CO and NO x levels in a statistically and economically significant fashion in the period following the repairs. Repairing and re-inspecting 1,000 vehicles of 1985 model year or older decreases ambient CO by 26 parts per billion and ambient NO x by 1.9 parts per billion, about 7% of a standard deviation for each pollutant. For scale, the average California county re-inspects 1,000 failing vehicles of all ages every 12 days. Re-inspections of vehicles manufactured after 1985 have much smaller effects on air pollution.
California recently passed substantial reforms of inspection station requirements, hoping to improve inspection reliability (Bureau of Automotive Repair, 2014) . Under the new "STAR" system, inspection and repair providers must pass certain quality criteria before the state certifies them to inspect the most high-polluting vehicles.
5 Testing the effectiveness of such a program is subject to a number of confounding factors including strategic customer and station responses to the rating system. To avoid such problems, we use historic data to construct the STAR program measures of station quality before the announcement of the policy, and test the relationship between ambient air pollution and re-inspections at high scoring stations. We find re-inspections of older vehicles at high quality stations reduce airborne levels of CO and NO x while re-inspections at low quality stations yield no change in local air pollution levels-consistent with the theory that low quality stations allow vehicles to pass re-inspection without appropriate repairs. Much like our findings on the general effectiveness of I/M programs, we find re-inspections of newer cars have little impact on air pollution, regardless of station quality. We use this information to simulate the eventual effectiveness of the STAR program, and show that benefits of the more strict inspection system are likely to fade in the future.
Section 2 outlines the California Smog Check Program and the new STAR system. Section 3 describes the Smog Check and pollution data. Section 4 describes our identification technique and construction of ex ante STAR quality measures. Section 5 presents our estimates of how the Smog Check program changed local pollution levels, and section 6 uses these results to simulate the impact of the STAR program. Section 7 concludes.
Background on California's Emissions Testing Program
California provides an excellent backdrop for the study of tailpipe emissions programs.
Of the approximately 110 million registered automobiles in the United States in 2012, almost 13 million were in California, more than any other single state.
6 California has a history of extensive automobile pollution regulation, and other states often adopt or build off California regulations (Engel, 2015) . Prompted by the federal 1977 Clean Air Act Amendments, California began mandating biennial emissions inspections in 1984. Current California law allows the Bureau of Automotive Repair (BAR) to mandate regular measures of tailpipe emissions through "Smog Checks." Most vehicles in California must obtain a Smog Check every two years before renewing their annual vehicle registration. If a vehicle displays emissions levels above the threshold for any regulated pollutant, the owner must repair the vehicle and demonstrate passing levels in a later "re-inspection" before registering it, thereby removing high-polluting vehicles from the fleet by inducing repairs or forcing irreparable vehicles off the road. The California Smog Check program is a decentralized system. Privately-owned repair shops conduct vehicle inspections and, should the vehicle fail initial inspection, these shops make the necessary repairs to bring cars to passing status. Early research found the first incarnation of the Smog Check program was rife with problems that decreased or eliminated ambient air pollution benefits (Glazer et al., 1995; Hubbard, 1998) , and identified fraud by private station technicians as a major source of problems.
California passed the first major overhaul of the Smog Check program in 1994 in response to the 1990 Clean Air Act Amendments. The state implemented an "Electronic Transmission System" (ETS) to automatically send test results to the BAR, and created an "enhanced" inspection regime for the most polluted areas of the state. In addition to 6 Bureau of Transportation Statistics, 2014 State Transportation Statistics data, Table 5-1. Available online at http://www.rita.dot.gov/bts/sites/rita.dot.gov.bts/files/publications/state_ transportation_statistics/state_transportation_statistics_2014/index.html/chapter5/ table5-1.
requiring improved testing equipment, the program began directing vehicles in enhanced regions to specially certified stations authorized only to conduct tests but not make repairs. A vehicle is directed for inspections in a testing cycle if a BAR statistical model flags it as meeting a "high emitter profile," and is directed for all follow-up inspections if it fails the initial inspection with emissions greater than or equal to double the legal limits. The BAR also directs a 2% random sample of all vehicles registered in enhanced areas. The BAR directs 30-40% of Smog Checks each year, and directed inspections are a major source of revenue for eligible stations (Eisinger, 2010) . The policy of directing vehicles was intended to make California's privately run system more like government-run systems in other states, which were thought to be less prone to fraud. However, test-only stations were still privately run, and lacked the incentive of a test-and-repair station to profit from performing necessary repairs. In 2005, the program allowed a special class of "Gold Shield" test-and-repair stations to inspect directed vehicles as well.
In 2008, the BAR conducted random roadside emissions inspections and compared the roadside results to the same cars' most recent official Smog Check. Many cars listed as passing their last Smog Check failed the equivalent roadside inspection; 19% of older cars passing inspection less than a year prior failed the roadside test. Of the cars that failed roadside testing, approximately half had failed their initial official inspection, but then (supposedly) obtained the necessary repairs and passed their final re-inspection at a Smog Check station.
7 A potential implication of the discrepancy is that these cars did not truly pass the re-inspections: someone had instead manipulated the testing outcome.
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In response to the roadside inspection study, the California State Legislature further overhauled the Smog Check program. California Assembly Bill AB2289, passed in 2010, directed the BAR to design a new system for certifying stations to inspect directed vehicles, using metrics based on testing results. The system the BAR proposed and eventually implemented was dubbed STAR. Under the new regulations, owners of directed vehicles must obtain checks at STAR-certified locations. STAR stations could be either Test-andRepair stations or Test-Only, and had to meet specific thresholds on three metrics based on the Smog Check inspection data reported to the BAR. We discuss the three thresholds in detail below.
The BAR finalized regulations for the STAR Program in November 2011, and published STAR scores for all stations in the spring of 2012. The program officially began 7 "Evaluation of the California Smog Check Program Using Random Roadside Data", 2010 Addendum, California Air Resources Board, February 2010. Available online at http://www.bar.ca.gov/80_ BARResources/02_SmogCheck/addendum_with_report.pdf.
8 An alternative explanation is that the effects of most emissions repairs are short-lived, lasting long enough to pass the follow-up inspection, but degrading to the pre-repair state within a few months.
the next year-all directed vehicles must be inspected at STAR stations as of January 1, 2013.
Data
To measure the volume of re-inspections and generate our versions of the STAR quality metrics, we employ inspection-level data from the California Smog Check program. Stations conduct all Smog Check inspections using equipment attached to the ETS that automatically sends results of the test to the California BAR.
9 Our data consist of the population of vehicle inspections conducted in California between 1996 and 2012 and transmitted through ETS.
10
Each observation in the Smog Check data represents a single inspection, and includes the Vehicle Identification Number (VIN) of the vehicle tested, the date and time of the inspection, the odometer reading, an indicator for the outcome of the test, and emissions readings for hydrocarbons (HCs), NO x , and CO. Each Smog Check inspection record further contains a 6-digit station identifier, which we join to a crosswalk giving the zipcode of each station.
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We determine model year and vehicle type from the included VIN.
12 We also utilize the provided odometer reading in calculating our hypothetical STAR scores.
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We use pollution data from the CARB Air Quality Database, a collection of air monitors taking hourly pollution readings. We use data from 1998 to 2009, and focus on CO, NO x , ozone (O3), and particulate matter (PM). We aggregate hourly readings for CO, NO x and O3 to the county-day level by averaging individual monitor readings in a given county, and aggregate daily PM readings to the weekly level (most PM monitors take measurements once every six days). We do not weight monitors by any distance 9 We obtained access to the Smog Check data via a Public Records Act request, the California equivalent of the Freedom of Information Act.
10 Data from 1996 and 1997 are incomplete, as the BAR was phasing in the ETS during these years. When available, we use these data to construct any lagged measures for inspections in later years, but our contemporary analysis does not begin until 1998 when the data are more reliable.
11 We are grateful to Emily Wimberger for providing this crosswalk.
12 Although the Smog Check data contain some direct information on vehicle types, it is messy and at times unreliable when compared to known VIN information. All vehicles manufactured after 1980 have a standardized 17-digit VIN: the first 8 digits plus the 10th and 11th precisely indicate the vehicle type, at the level of make/model/engine/body type/transmission/year/plant. For earlier vehicles, different manufacturers used their own formats. We determine make, model year and an approximation of the vehicle-identifying prefix for most of the vehicles manufactured 1975-1980. 13 We employ an algorithm to "clean" the odometer variable, correcting for rollovers, typos and other glitches that produce unbelievable values for miles traveled between inspections. Specifics of our algorithm are available upon request. metric, and use an unbalanced panel of monitors to maximize available data. To improve readability of our results, we scale pollution readings for CO, NO x and O3 to parts per billion (PPB).
O3, a major component of the atmospheric condition commonly known as smog, is a secondary pollutant, generated by atmospheric mixing of volatile organic compounds (VOCs) and NO x . Depending on the current state of local VOC and NO x levels, additional NO x can either increase or decrease O3, which makes O3 a difficult pollutant to analyze on a large scale. Regardless, a primary interest of the program was to reduce smog, so we test for general impacts of O3. The link between PM and automobile use is also largely secondary. The largest sources of PM from automobile traffic are combustion of diesel fuel and wear from road and engine friction. We expect little change in these sources from Smog Check-California does not require Smog Checks for diesel vehicle from model years prior to 1997, and Smog Checks should do nothing to change road wear. However, through atmospheric reactions NO x can form fine particles, providing a vector for an impact, and given the literature on the negative health effects of PM, we include this pollutant as well.
14 Our PM data gives the concentration of particles less than 10 micrometers (PM 10 ) in units of micrograms per cubic meter (µ/m 3 ). Local weather influences both general air pollution and the types of emissions automobiles generate (Knittel et al., 2015) . Ambient temperature can also influence inspection results, as emissions control systems function better when warm. We control for daily high and low temperatures and daily precipitation at the county level. We generate weather data following the methodology of Schlenker and Roberts (2006) : taking spatially detailed monthly weather data generated by Oregon State University's PRISM model, aggregating the resulting grid of weather data by county using GIS, and using historical daily averages to interpolate a daily weather. 15 We note weather fluctuations should be exogenous to inspection timing, and their inclusion should do little to change our primary estimates.
Empirical Methodology
We estimate the impact of the Smog Check program, and the projected impact the new STAR program in particular, by leveraging random variation in the timing and location of repairs of failing vehicles. Unfortunately, we cannot observe actual repairs. Instead, we focus on the timing of final re-inspections following a failed inspection. A passing re-inspection theoretically indicates a repair took place to reduce a vehicle's emissions below the legal thresholds. Thus, we use final re-inspections in an inspection cycle as a proxy for repairs. The effectiveness of I/M depends on inspections accurately assessing vehicle-level emissions, and both inspectors and vehicle owners can influence test results through dishonest behavior (Oliva, 2015) . Evaluating the environmental benefits of the STAR program using a simple pre/post examination of air pollution levels is problematic due to the possibility of stations attempting to game the rating system. Drivers of marginal cars have an incentive to seek test providers that are more lax in testing or willing to falsify tests, which in turn provides an incentive for test providers to engage in such duplicitous behavior to draw business. To avoid such problems, we examine the role of "better" stations, as measured by the STAR metrics, before the development of the program. We generate retrospective STAR scores for the period 1998-2009 based on the metrics the BAR eventually used. This allows us to establish the link between station quality and local air pollution using what would be "better" stations by STAR standards before the state even proposed the program, such that no gaming behavior is possible. This section describes our methodology in detail, including construction of our retrospective station quality metric and our identification of the effects of Smog Check and STAR.
STAR-based Station Quality Metrics
The STAR program certifies stations based on past inspection results. To qualify for the program and receive business from "directed" vehicles as defined in section 2, stations must have a passing grade on three metrics, based on the results of their inspections in the Smog Check database. These include a short-term measure called the Similar Vehicle Failure Rate (SVFR) using inspections taking place in the most recent calendar quarter, and a longer-term measure called the Follow-up Pass Rate (FPR), based on current inspection results of vehicles that a station inspected and passed on the previous inspection. The other measure involves deviations from standard Smog Check test procedure.
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All STAR metrics compare test outcomes at the station in question to average rates for similar vehicles statewide. The BAR defines "similar" vehicles as having the same make, model, year, engine displacement, transmission type, and body style. Both the long-term FPR and the key short-term measure, the SVFR, construct expected total failure rates based on similar vehicles. The BAR compares these measures to the actual failure rate for vehicles inspected at a given station. Although the BAR did not start calculating these measures until after our sample period, we have all available information the STAR program uses and can construct our own measures of both the FPR and SVFR using observed historical inspection results.
Vehicles registered in basic and enhanced Smog Check areas must be inspected every two years. We use the term "cycle" to refer to each time the vehicle is up for inspection before registration. Each cycle may involve multiple inspections if the initial inspection is failed, culminating with a final re-inspection where the vehicle eventually passes. Let s index inspection station, n index vehicle, m vehicle type, c inspection cycle, and q calendar quarter. We index inspections within cycles with i ∈ {1...I}. If a vehicle passes the first inspection of a cycle, I = 1. Let η s (c, i) denote the set of vehicles that receive their ith inspection at station s during cycle c . We define the general expected failure rate for station s as:
where f ail nc i is an indicator equal to one if vehicle n fails the i inspection of cycle c , and X nmqc is a vector of time-varying vehicle characteristics (e.g., mileage). We calculate P (f ail nc i = 1|m n , q, X nmc ) as:
where F (m, q) is the proportion of type m vehicles that fail during quarter q,X mc denotes the type-specific mean of X nmc during cycle c and β is derived from the following linear probability model using only initial inspections (i = 1):
where α m and γ q are vehicle type and quarter fixed effects, respectively. Following the BAR procedure, X includes odometer reading at the time of the inspection and days since last inspection. In words, the expected failure rate is the mean of the predicted failure probability for vehicles inspected during the relevant cycle at the station in question.
Using the notation above, we define the SVFR for station s in quarter q as:
The SVFR is the ratio of the actual failure rate for initial inspections at the station during the current period to the expected failure rate for those inspections.
The BAR calculates the FPR score used by the STAR program as the p-value of the following hypothesis test:
(1)
The FPR tests whether vehicles given final inspections by station s on the previous cycle fail more than expected during the current cycle. Note the vehicles in η s (c − 1, I) need not be inspected at station s during cycle c.
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We use the Smog Check inspection data to test how well these measures reflect the ability of stations to reduce measured vehicle emissions. We calculate our STAR metrics for the period before the program was in place, and thus not subject to gaming or any other responses to implementation of STAR. We regress emissions at a vehicle's initial current inspection on the SVFR or FPR of the station that conducted the final, passing inspection of the previous inspection cycle. If STAR metrics capture station quality, vehicles passed by higher scoring stations should be less likely to fail, and thus have lower emissions, on their next inspection. To flexibly estimate the relationship between quality scores and later emissions, we use indicators for 10 bins of equal width to measure the STAR scores, and interact the indicator for each bin with an indicator for whether each vehicle failed the initial inspection of the previous cycle-i.e., whether it should have been repaired before eventually passing. We control for the SVFR of the station conducting the current initial inspection, to hold constant the probability of failing independent of underlying emissions, and include controls for the type of inspection and vehicle type, vehicle age, year, and county fixed effects Figure 1 plots the coefficients on the STAR score indicators for CO emissions-results for NO x emissions are similar, and versions of figure 1 are available in the appendix as figure A1 . Panel (A) shows results for bins of SVFR, and panel (B) shows results for bins of FPR. For both measures, vehicles that fail the initial inspection on the previous cycle are more likely to fail (have higher emissions) on the initial test of the next inspection cycle. While we do see lower emissions for vehicles passed by stations with higher SVFR scores, the effect flattens out at higher levels, reflecting an undesirable feature of the SVFR as a quality metric: a very high SVFR does not necessarily mean a station is high quality. Low failure rates may indicate fraud against the Smog Check program, but unusually high failure rates may indicate fraud against consumers rather than rigorous inspections (Schneider, 2012) . For the FPR, the relationship is the opposite of that intended. For vehicles that failed the initial inspection on the previous cycle, the relationship between emissions and FPR is essentially flat. For vehicles that pass the initial inspection, higher FPR correlates with higher CO emissions at the next initial inspection. This counterintuitive result suggests vehicles inspected and passed at nominally higher quality stations, as measured by the FPR, have greater emissions in the future.
What explains this odd result? The theoretical appeal of the FPR for measuring station quality is that it captures whether or not failing vehicles inspected at a station are correctly repaired before eventually being certified. As we discuss in the next section, this assumption is critical for any I/M program to reduce pollution levels-inspections only reduce pollution if they lead to repairs that reduce emissions. The downside of the FPR score used by the STAR program is that it is necessarily retrospective, capturing a station's performance generally two years in the past. This lagged performance metric may not correlate with current performance, which presents a potential problem for implementation and effectiveness of the current STAR program. We discuss this issue in detail in section 5.
As we use retrospective data, and have the entire history of each station's inspections up through 2012, we can calculate an alternate version of the FPR capturing contemporaneous final inspections, including re-inspections. We refer to this contemporaneous FPR as the C-FPR. This score is the p-value from the following hypothesis test:
Our C-FPR tests whether vehicles given their final inspections by station s in the current cycle fail more than average on their initial inspections in the next cycle (which may be conducted at other stations). Panel (C) of figure 1 shows the relationship between the C-FPR score and future emissions rates. Not only are higher C-FPR scores associated with lower CO emissions on the next inspection, the relationship is nearly linear. We focus on measuring station quality using the C-FPR for our air pollution results in the section 5.
The Effect of Smog Checks on Local Air Pollution
Counties and air quality management districts must implement the basic or enhanced Smog Check program when pollution levels cross thresholds set by the federal Clean Air Act. As a result, not only will the pre-trend of increasing emissions lead to bias in estimating the effect of the Smog Check program, exceeding the federal air pollution standards may trigger additional policy responses. For instance, policymakers may respond to high pollution levels by increasing mass transit options, or subsidizing engine modifications on commercial trucks. Further, any kind of before/after comparison risks confounding effects of Smog Check with effects of state-and nation-wide policy changes, particularly emissions standards on new vehicles.
To avoid such issues, we estimate the effect of Smog Check and the new STAR program by exploiting a key realization about the nature of vehicle inspection programs. Initial inspections, passed or failed, correct or not, cannot directly impact air pollution. That is, to a first approximation, inspections do not affect local air pollution levels; detection of faulty engines and subsequent repairs do. The only way inspections affect air pollution is through inducing repairs. If a vehicle is actually in a failing status but is incorrectly passed on an initial inspection, this should not change air pollution levels-emissions will be high both before and after the inspection. However, local air pollution levels would improve if stations conduct repairs as a result of a failed initial inspection, and correctly verify the effectiveness of the repair by re-inspecting the failing vehicle. Station quality is thus important, as a sham initial inspection, or an omitted repair followed by a sham re-inspection, should have no more effect on air pollution than no inspection program at all.
Conveniently, the timing of inspections is exogenous to both levels and (non-Smog Check) policy-driven changes in local air pollution. An annual vehicle registration notice from the California DMV prompts vehicle owners to obtain a Smog Check every two years. Vehicle registrations are due on the anniversary of the date the vehicle was initially registered in California, and the registration notice comes in the mail around 60 days before the vehicle's registration expires. In California, the expiration date for a vehicle's registration stays constant even if the vehicle is sold. Thus, if a vehicle ever changes owners, the timing of the biennial Smog Check is unrelated to any choice on the part of the current vehicle owner. This provides variation in registration dates, variation in when the vehicle owner obtains the initial inspection, variation in whether a vehicle fails the initial inspection, and variation in how quickly the owner repairs the vehicle and schedules the re-inspection in the event of an inspection failure. None of these sources of variation should correlate with levels of air pollution, except possibly through seasonality, which we control for using fixed effects.
We create a daily panel of re-inspection counts aggregated by county of the station conducting each inspection. Choosing an overly fine geography risks attributing inspections to the wrong location and ignoring spillover effects from pollutants blown to neighboring areas. At the same time, broad geographic definitions reduce our sample size and may obscure important variation. We aggregate at the county level as a compromise between these constraints. Counties in California are large relative to other parts of the country, and a county is a reasonable approximation of the area in which a vehicle owner does most of their commute driving.
18 Data on county-to-county migration flows from the 2000 Census show that 82% California workers live and work in the same county.
19 Further, the EPA determines Clean Air Act attainment status at the county level, making it a policy-relevant level of aggregation. Although daily variation in re-inspections is useful for identification, there is a lag between the repair of a failed vehicle and when we expect to see a change in air pollution levels. Pollutants like NO x and CO persist in the air and may take time to drift to a sensor, and there may be a period of days between a repair and the date the station records the re-inspection. Thus, associating air pollution levels on a specific day with re-inspections on the same day is overly restrictive. To address this issue, we use a 90-day rolling total of re-inspections as our measure of the intensity of re-inspections.
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Because older vehicles are more polluting on average and thus more likely to be targeted by California's policy of directing vehicles, we split results by vehicle age to estimate separate effects for re-inspections of older vs. newer vehicles. This requires we formally define "older" in our context. Beginning in 1980 three major improvements in engine technology led to significant reductions in vehicle emissions: the three-way catalytic converter, introduced in 1980; fuel-injection systems, introduced in 1985; and second-generation onboard monitoring computers (called OBDII), introduced in 1996. Each of these technologies were adopted rapidly, and affected emissions both under normal operating conditions and potentially under "failing" conditions as measured by Smog Checks.
To help determine a reasonable cutpoint for old versus new vehicles, we plot average CO and NO x emissions measured at passed and failed Smog Checks by model year. We estimate the effect of re-inspections on levels of a pollutant p ∈ {N O x , CO, O3, P M 10 } as:
where R old ct and R new ct denote the number of re-inspections of older and newer vehicles, respectively, occurring in county g on date t, X gt is a vector of covariates, and ε gt is an error term. We specify re-inspections in levels. Holding weather, county geography and related factors constant via fixed effects, to a first approximation repairing one failing vehicle should remove the same quantity of emissions, and by extension reduce air pollution levels by the same amount, regardless of whether this represents a 1% change or a 0.001% change in the level of re-inspections. This will cause the model to predict much larger effects for densely populated areas such as Los Angeles County, a desirable feature of our specification. Los Angeles County is heavily polluted in part because it has a very large number of cars on the road, and we expect it to experience large reductions in pollution relative to the counterfactual if the Smog Check program causes large numbers of highpolluting vehicles to receive repairs.
23 β 1 and β 2 give the causal effect of additional reinspections on air pollution levels. In our preferred specification, X gt includes controls for weather, county fixed effects, calendar-week fixed effects to control for statewide trends, and county-specific cubic time trends. Identification of the effect of station quality follows from the same logic as the effect of re-inspections. The number of re-inspections at higher-and lower-quality stations will fluctuate over time with the variation in the timing of the initial Smog Checks of vehicles eventually taken to those stations. As our quality metric was unobservable during the 21 O3 and PM 10 are not tailpipe pollutants and as such are not measured directly by Smog Check inspections.
22 If we separate out effects into three groups, one for each "era" of pollution control technology, we obtain essentially identical effects from re-inspections of the 1985-1995 and 1995+ vehicles, with period covered by our air pollution data, and the study of roadside inspections leading to the development of the STAR program was not even released until 2010, the distribution of vehicles across high-and low-quality stations is exogenous. 24 Given our argument that only accurate re-inspections reduce local air pollution, we expect to see smaller or zero effects from re-inspections at low-quality stations, and larger effects from re-inspections at high-quality stations. Conducting analysis at the county rather than station level requires we construct a county-level measure of station quality. We estimate the interaction of station quality and re-inspections using two different approaches. First, we calculate a 90-day rolling average of the C-FPR score at the county level, weighting our individual station C-FPR scores by the number of re-inspections at each station. We interact this county-level average with the count of re-inspections:
where CF P R old gt and CF P R new gt denote the county average C-FPR of stations conducting re-inspections of older and newer cars, respectively.
We next take a more flexible semi-parametric approach, equivalent to interacting reinspections with bins of average county-level C-FPR scores. Because our air pollution analysis uses aggregated data, this takes the form of counting re-inspections of older and newer cars at stations falling into each of 20 equal-size C-FPR bins:
where R old bg(t−i) counts total re-inspections of older vehicles conducted at stations with C-FPR scores falling in bin b within a county, and R new bg(t−i) is the corresponding count for newer vehicles.
24 This further assumes consumers had no other way to identify low-quality stations willing to pass a failing vehicle before STAR. One way to test this assumption is to compare the average C-FPR of stations inspecting older vehicles to the average for stations inspecting newer vehicles. Pre-1985 model year vehicles are more likely to fail and likely more expensive to fix. If consumers had any systematic way of identifying "bad" stations willing to give a sham inspection, we would expect to see older vehicles disproportionately inspected at lower quality stations. We observe the mean C-FPR for older and newer vehicles is essentially the same.
Results
Panel A of table 1 summarizes our variables of interest. For consistency with our regression results, we show NO x , O3 and CO in parts per billion (ppb).
25 Average levels of both NO x and CO fell across our sample period, dropping almost 350 ppb (0.35 ppm) for CO and 10 ppb for NO x . O3 was largely unchanged, remaining within 0.5 ppb of initial 1998 levels.
We note the number of personal automobiles on the road in California increased by almost 1.5 million vehicles across this period, so no change in O3 levels does not necessarily mean that the Smog Check program had no impact on O3. PM 10 levels fluctuate from year to year with no obvious pattern. California is a large and geographically diverse state, with very different climate, topology and population density in the northern and southern regions. For southern California, panel B shows averages for Los Angeles County, the county with the most annual inspections. Improvements in CO were more drastic in Los Angeles County than the state as a whole, decreasing by over 800 ppb (0.8 ppm). NOx decreased around 40 ppb, just over 50% of 1998 levels, while O3 levels increased. For northern California, panel C shows averages for the 9 counties that make up the San Francisco Bay Area. 27 In most of the state, re-inspections decline around 2002, corresponding to a decrease in the overall failure rate (and thus the need for re-inspection/repair). As a caveat, we note the San Francisco Bay Area seems to be missing a large number of inspections from 2002 through mid-2003-we exclude these years for these counties from our empirical analysis. We are not aware as to why these counties are "missing" inspections for this period, though we note the timing corresponds to a shift in the Smog Check regime in these 25 Researchers often show CO in parts per million (ppm), so at first glance our CO numbers appear larger than prior studies looking at CO in California. For example, Currie and Neidell (2005) show that in 2000, the average California 8-hour high CO level was 1.3 ppm (1,300 ppb), compared to a full day average of 649 ppb for the same period in our data.
26 The counties in the San Francisco Bay Area are: Alameda County, Contra Costa County, Marin County, Napa County, San Francisco County, San Mateo County, Santa Clara County, Solano County and Sonoma County.
27 Note we control flexibly for such state-level changes across time in our regressions.
counties, during which stations in the region were upgrading the machines used for Smog Checks. Results are robust to inclusion of this period for these counties.
Effect of Re-inspections
To establish a causal link between re-inspections (our proxy for repairs) and local air pollution, we estimate a series of regression models based on equation (5), where the coefficient of interest is the effect of re-inspections of failing cars on local air pollution. Specifically, in table 2 we estimate the link between the number of county-level re-inspections and county-level measures of the direct pollutants CO and NO x . We scale our results to show the effect per 1,000 re-inspections in the past 90 days. Using values from table 1, the average California county sees 1,000 re-inspections of all vehicle ages every 12 days, while Los Angeles County has an average of just over 1,000 re-inspections every day. The nine counties making up the San Francisco Bay Area conduct about 1,000 re-inspections every two days. Column 1, the most basic model, includes no controls. Both CO and NO x show a positive correlation between county pollution levels and the number of re-inspections for older cars: an additional 1,000 re-inspections correlates with a 41.7 ppb increase in CO (0.09 of a standard deviation) and a 1.9 ppb increase in NO x . When we focus on newer cars, the sign flips for CO to a 2.2 ppb decrease per additional 1,000 re-inspections. The sign on NO x remains positive, but is smaller at 0.2 ppb per 1,000 cars. All results are statistically significant at either the 5% or 1% level.
Adding county fixed effects (Column 2) increases the negative effect of newer car reinspections on CO to 10.5 ppb per 1,000 re-inspections, but the impact from older cars remains similar. The sign on NO x is now negative for newer cars, with an additional 1,000 re-inspections lowering ambient levels by 0.5 ppb. Adding controls for weather (Column 3) does little to change the size or sign of our results-while weather can influence the relationship between emissions and ambient pollution levels, we expect it to be exogenous to the number of re-inspections. Thus, controlling for weather serves largely to increase precision of our estimates. Column 4 adds calendar week effects to flexibly control for state-wide trends and within-year seasonality.
28 Controlling for state-wide time effects pushes coefficients toward zero for both vehicle age groups and both pollutants, but the coefficients on re-inspections of older cars remain positive. Finally, Column 5 controls for local trends using a third-order polynomial time trend for each county, in addition to county fixed effects, weather controls, and calendar week fixed effects. After controlling for differential trends across counties, increasing re-inspections (repairs) of both older and newer cars reduces ambient CO and NO x . This suggests counties with increasing air quality saw decreases in the number of re-inspections of older cars over time. Older cars are more polluting than newer cars, but also more likely to be scrapped or sold out of state, especially if these vehicles cannot pass a Smog Check without significant repairs. Counties with many older cars early in our sample period would see fewer re-inspections of older cars over time due to increased scrappage and thus declining air pollution that is not directly related to Smog Check inspections and repairs. Failing to account for such trends biases the estimated impact of repairing older cars. In our preferred specification, re-inspecting an additional 1,000 older cars decreases ambient CO by 26.6 ppb and ambient NO x by 1.9 ppb (0.07 of a standard deviation of both pollutants). An additional 1,000 newer car re-inspections decreases ambient CO by 4.8 ppb and NOx by 0.8 ppb (0.01 and 0.03 of a standard deviation, respectively).
As a whole, we find the Smog Check program's requirements to repair and re-inspect high-polluting vehicles moderately improved local CO and NO x levels, particularly when repairing older model-year cars. We next consider how station quality controls, as proposed in the new STAR program, affect the benefits of I/M.
Station Quality
To test for the role of station quality, we examine how our C-FPR score correlates with the effect of re-inspections. We first calculate the C-FPR score for all stations in the county, then aggregate up to the county level, weighting by the number of re-inspections conducted over the previous 90 days (see section 4). Table 3 shows our results. All columns use the controls from Column 5 of table 2: weather controls, county fixed effects, county cubic trends, and calendar week fixed effects. Column 1 repeats the model of table 2 Column 5 for comparison. Column 2 includes an additional interaction between the number of re-inspected vehicles in the last 90 days with the continuous C-FPR measure. Higher C-FPR corresponds to the county having a greater share of re-inspections at stations the STAR program would consider to be of better quality, had STAR existed at the time.
Column 2 shows station quality clearly matters in the case of older vehicles. As an extreme example, re-inspections in a county with an average C-FPR of zero would have essentially zero effect on either pollutant, but the effect of re-inspections increases with average station quality. For ease of interpretation, we present the estimated effect for each vehicle age calculated at the average county-level C-FPR in our sample. For older cars, this suggests an additional 1,000 re-inspections in a county of average C-FPR would decrease ambient CO levels by 55.44 ppb and average NO x levels by 4.55 ppb.
29 Both average effects are statistically significant at 1%. The case for station quality when testing newer vehicles is less clear. The signs of both the baseline effect and the interaction effect are reversed from that of older vehicles: a greater share of re-tests at higher quality stations reduces the effect of re-inspections on ambient pollution for both CO and NO x . Importantly, these results are precisely estimated but economically insignificant, which is clear when considering the marginal effect at the mean. At the average county C-FPR of around 0.59, an additional 1,000 reinspected newer cars would decrease pollution levels by around 0.004 standard deviations for CO and 0.016 standard deviations for NO x . The result is not statistically significant for CO, and the average effects on both pollutants are about half the size of the already small overall effects for newer cars from table 2. Figure 3 clearly illustrates the effect of station quality for newer cars is effectively zero. Following equation (7), we generate 20 bins of C-FPR scores, in units of 0.05, from 0 to 1. We include sets of 20 variables each for older and newer cars, giving the counts of re-inspections at stations in the appropriate C-FPR bin. Figure 3 plots each coefficient on the bin-specific count variables, and provides a LOWESS fit with bandwidth N * 0.8 to illustrate the general patterns across the C-FPR distribution.
Panel A shows results for CO, and panel B shows results for NO x . For newer cars, the effect of a re-inspection is approximately constant at zero across our estimated measure of station quality. Visual analysis shows the puzzling positive results from table 3 are a result of effects for counties with average FPRs very close to 1, which represent a small share of re-inspections overall. For example, only 24% of total newer vehicle re-inspections across our entire sample occurred at stations with C-FPR levels greater than 0.9. Panel B shows that with older cars, there is a clear differential between a re-inspection at a lowerquality vs. a higher-quality station. Increasing re-inspections in areas with C-FPR scores below approximately 0.3 has no effect on local air pollution, with increasing benefits of re-inspections for higher-quality stations. Table 3 and figure 3 jointly suggest increasing re-inspections of older cars in areas with higher estimated station quality reduces air pollution in an economically and statistically significant manner. However, there is no effect for areas with lower station quality, and economically insignificant effects regardless of quality when considering newer model-year cars.
The small effect of re-inspections of newer cars on air pollution is to be expected, to some extent. As we showed in figure 2, the average differential in tailpipe emissions between a passing and a failing vehicle decreases with model year. Bringing an average failing 1984 model year vehicle up to passing standard reduces the CO concentration in its tailpipe emissions by around 14,000 parts per million, while fixing an average 2001 model year vehicle reduces CO emissions by about 1,300 parts per million, more than 10 times less. With a smaller effect on emissions per vehicle of conducting repairs, it should not be surprising that the effect of repairing 1,000 vehicles on ambient pollution is smaller. The small effect of re-inspections and the zero effect of station quality may also have to do with the OBDII computers installed in vehicles manufactured after 1996. These computers trigger the familiar "check engine" light when they detect an emissions failure, possibly leading to repairs outside the Smog Check inspection cycle. Station quality at the biennial inspection would then have little effect, as most serious emissions failures would have already been fixed. More troublingly, OBDII systems may make it easier to consistently defeat detection of emissions failures, as was the case in the recent scandal involving Volkswagen diesel vehicles. The STAR quality metrics, including our C-FPR variant, are designed to catch cheating stations by comparing their results to others statewide. However, if a vehicle passes incorrectly at every inspection, this will lead to scores that are uncorrelated with actual inspection results, especially if the cheating behavior is on the part of the vehicle owner or manufacturer rather than the inspection station. A related issue with inspection programs, identified by Mérel et al. (2014) , is that vehicle repairs may not last for the full period between inspections. Depending on the rate of repair decay, the benefits of passed re-inspections could be highly transient.
Regardless of the reason, the small effect of re-inspections of newer cars and the negligible effect of station quality for those vehicles is problematic for the efficacy of the Smog Check program in general, and STAR in particular going forward. Newer vehicles make up the majority of inspections, and the majority of the costs of both inspections and repairs come from these vehicles. If the Smog Check program, even enhanced by STAR, is not delivering air pollution benefits from newer vehicles, the value of the program is diminished.
Effects of Re-inspections on Secondary Pollutants
We focus on the effect of Smog Checks on CO and NO x because these pollutants are directly emitted by motor vehicles and thus we most expect to see an effect on levels of these pollutants. However, the main social harms from NO x and the policy interest in controlling it stem from its role in forming secondary pollutants, principally O3 and particulate matter. O3 in particular has a complicated formation process, and it is possible that the moderate reductions in NO x caused by Smog Check might not translate into reductions in O3. In table 4 we estimate our empirical model using ambient O3 as the outcome. Columns 1 and 2 replicate the analysis of tables 2 and 3 using ozone levels in parts per billion as the outcome variable. The point estimates have the wrong sign, indicating re-inspections increase ozone levels, but although some estimates are statistically significant, they are economically zero. For the average county, re-testing an additional 1,000 cars increases ambient ozone by 0.0007 of a standard deviation for older cars and increases ambient ozone by 0.014 of a standard deviation for newer cars.
O3 levels are negatively correlated with CO and NO x levels in our sample, and so the small effect and "wrong sign" for our ozone results could simply reflect that correlation. The process by which NO x and VOCs form ozone resembles a Leontieff production function, such that when NO x levels are high, reducing NO x emissions may have limited effect on ozone levels.
30 To test this, in columns 3 and 4 we control for the level of NO x and NO x squared. Our coefficients acquire the "right" sign, with re-inspections of older cars reducing O3 levels, but the magnitudes are still very small. In appendix table A3 we allow the coefficients on re-inspections to vary depending on whether the NO x level is high or low on a given day. We get similar results as those in table 4. It does not appear our zero findings for ozone are a result of the availability of NO x . Finally, figure 6 plots results by C-FPR bins, and we see no visual effect. We next test for the effect of re-inspections on levels of PM 10 . Because PM 10 sensors only take readings every 6 days, we collapse to the county-week level. For counties with more than one sensor and thus more than one observation per week, we take the average PM 10 reading for each week and use the weather controls and the rolling total of reinspections for the day of the last reading. Table 5 repeats the analysis of table 3 with PM 10 as the dependent variable. Without controlling for station quality, our estimates are imprecise, but the point estimates indicate re-inspections of older vehicles have a small negative effect on PM 10 levels, while re-inspections of newer cars have a near-zero effect. Adding an interaction with county-average C-FPR, we find that re-inspections of older vehicles have no effect on PM 10 levels when conducted at poor quality stations, while re-inspections at high quality stations moderately reduce PM 10 levels, a result that is statistically significant at 5%. At the average C-FPR, 1,000 re-inspections of older vehicles leads to a 1.9 µ/m 3 reduction in PM 10 levels, about 0.08 of a standard deviation.
As with CO and NO x , re-inspections of newer cars have the wrong relationship with station quality, although the effect at the mean C-FPR is economically insignificant. Figure 4 plots results for PM 10 by C-FPR bins, and shows that the effect of re-inspections of older cars increases with the C-FPR score of the stations doing the inspections, while the effect re-inspections of newer cars is effectively zero at all station quality levels.
Predicting the Impact of STAR
We have thus far considered average effects of the Smog Check program across the entire period from 1998 to 2009. We next use our results to simulate the effect of the specific requirements of the STAR program at the beginning and end of our sample. Knowing the theoretical impact of STAR in 1998 is interesting, but tells us little about what to expect as the policy goes forward. Thus, we focus on the future impact of more stringent I/M requirements.
To project future impacts of STAR, we ask how increasing mean station quality would change the impact of the existing level of re-inspections. The minimum acceptable FPR for STAR certification is 0.4. Thus, we estimate changes in air pollution if every reinspection of an older vehicle were conducted at a station with our C-FPR score of 0.4 or higher. We take every station with a C-FPR below 0.4, and re-assign re-inspections of older vehicles from those stations to stations in the same county with C-FPR greater than or equal to 0.4. Re-inspections are redistributed to "good" stations in proportion to each station's share of re-inspections in same county and the current quarter. Then, given the simulated distribution of re-inspections over inspection stations, we recalculate the 90-day county-level moving average C-FPR, and predict counterfactual air pollution levels using the model and results from column 2 of table 3. One can think of this exercise as simulating the effect of an idealized certification program targeting true station quality, as distinct from observable quality. Recall our C-FPR measure is not feasible for use in certifying stations. The actual STAR program uses the FPR, which uses contemporaneous inspections to evaluate lagged station performance, and as we showed in section 4 the FPR metric poorly predicts future vehicle emissions.
Figure 5 maps our predicted results by county for the years 1998 (top) and 2009 (bottom), with results for CO and NO x on the left and right, respectively. The counties making up the San Francisco Bay Area see relatively small changes in 1998, in part because these counties historically had what would be high C-FPR score stations to begin with: our theoretical exercise of removing "bad" station re-inspections thus has little bite. But improving station quality in 1998 would have substantially reduced CO and NO x levels in a number of California's urban areas, with Los Angeles County and nearby portions of southern California receiving the greatest benefit. Although relatively few counties see a large change in pollution levels, in 1998 more than 15 million people lived in counties with counterfactual decreases of 20% or more, so welfare effects would have been large. We discuss such welfare effects further below.
The case for improving inspection station quality in 2009 is less clear. As a result of older vehicles aging out of circulation, the effect of moving older vehicles to higher quality stations is limited. Many counties, including the most populous in the state, see reductions of less than 1% from already lower baseline pollution levels.
These estimates likely overstate the potential impact of STAR, as our measure of station quality, while based on the STAR program methodology, uses future inspection results to rate current stations. This improves accuracy in measuring low-vs. high-quality stations, but is impossible to use in practice. To predict the effect of the STAR program using the standard STAR measures, we conduct another simulation, this time reassigning re-inspections of pre-1985 vehicles from stations with STAR metrics below the cut-offs (FPR below 0.4 and SVFR below 0.75) to stations with STAR scores above those cut-offs. Table 6 
Welfare Effects of STAR
Our simulations suggest the current incarnation of the STAR program will do little to further improve local air pollution in California. Because the gains from inspections mostly derive from older vehicles that are becoming scarce on the road, even an inspection program using our contemporaneous quality measure would have a small impact by 2013. Further, the STAR quality metrics available in practice appear to do a poor job of measuring current station quality. As a result, moving vehicle inspections to STAR-approved stations is unlikely to meaningfully reduce air pollution.
While STAR is unlikely to have a substantial impact on air pollution levels, it is a relatively inexpensive policy, and may have net positive effects on welfare. The benefits of pollution reduction predominantly arise from reduced infant and elder mortalityalthough pollution impacts other health outcomes, the value of a statistical life (VSL) is generally high enough that it dwarfs morbidity effects, which are also more difficult to measure. Effects on infant mortality tend to be the best measured, and we use this as our measure of the benefits of pollution reduction. CO has documented effects on infant mortality, while the harms of NO x derive from its role in forming ozone and particulate matter. As we find no economically significant effect of the Smog Check program on O3, we focus on benefits from reducing CO and PM 10 .
Currie and Neidell (2005) find a 1 part per million (1,000 ppb) reduction in CO lowers the infant mortality rate by 18.125 deaths per 100,000 live births, and Currie et al. (2009) find a similar effect, 17.6 deaths per 100,000 live births; we use the latter of these.
31 Estimates of the effects of PM 10 vary widely. Instrumental variables estimates from Knittel et al. (2015) , Chay and Greenstone (2003) and Arceo et al. (2015) Second, we consider whether using a certifying high quality stations using inspection results can further reduce air pollution. Given fears of false or low-quality repairs of failing vehicles followed by potentially fraudulent re-inspections, the new California STAR program uses a calculated "Follow-up Pass Rate" (FPR) to determine which stations the state allows to provide repairs and re-inspections. A number of factors, including potential system fraud, complicate measuring the role of the FPR after the implementation of the program, making estimation of program effects difficult. We use the California Smog Check data from 1998-2009 to construct a modified station-level FPR that conveys information similar to that of the STAR program, but without concerns of secondary program effects. We show how local air pollution changes with an increase in average quality of local stations allowed to administer inspections and repairs. When a greater share I/M stations are of high quality, an additional repair corresponds to a greater marginal improvement in contemporaneous air pollution. However, the gains of estimated station quality are again limited to repairs and re-inspections of older model. For newer cars with modern emissions control technology, there is no economically meaningful benefit to restricting repairs to high-quality stations. Between a decline in effectiveness of the overall Smog Check program as older vehicles age out of the fleet and poor predictive power of the actual STAR quality metrics, it is unlikely the new STAR program as designed will further improve the effectiveness of Smog Check for reducing air pollution. Notes: Baseline scenario shows actual average C-FPR and predicted CO and NO x from the model in column 2 of table 3. "Reassign using C-FPR" redistributes inspections at stations with C-FPR below 0.4 to stations which pass these measures, recalculates the county average C-FPR accordingly, and predicts CO and NO x . "Reassign to STAR Stations" redistributes inspections at stations failing the SVFR and FPR threshholds to stations which pass these measures. 
